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Abstract
The Bi2O3-SiO2 glasses were prepared by the melt cooling method. The non-isothermal
crystallization kinetics and phase transformation kinetics of the BS glasses were analyzed
by the Kissinger and Augis-Bennett equations by means of differential scanning calorim-
etry (DSC) and X-ray diffraction (XRD). The results show that three main crystal phases,
namely Bi12SiO20, Bi2SiO5, and Bi4Si3O12 are generated sequentially in the heat treatment
process. The corresponding activation energy is 150.6, 474.9, and 340.3 kJ/mol. The aver-
age crystallization index is 2.5, 2.1, and 2.2. The crystal phases generated by volume
nucleation grow in a one-dimensional pattern, and the metastable Bi2SiO5 can be
transformed into Bi4Si3O12, which is in a more stable phase.
Keywords: differential scanning calorimetry, glass-ceramics, non-isothermal, kinetics
1. Crystallization kinetics of Bi2O3-SiO2 binary system
1.1. The structure of bismuth glass and Bi2O3-SiO2 system glass-forming characteristics
and structure
Pure Bi2O3 cannot form glass, but a small amount of glass formers such as B2O3, P2O5, and
SiO2 can be used to obtain a melt that condenses into a glassy state [1].
Bismuth ions, similar to lead ions, can enter the network structure of the glass (Bi atom has a
similar atomic weight, ionic radius, and electronic configuration as lead atom, both having 2S-
electrons on the outer layer). As a glass former, the influence of bismuth on the linear expan-
sion coefficient is not so great if compared to barium and strontium. The glass-forming region
of this system is relatively large [1], where the Bi2O3/B2O3 ratio can reach 2/1 or more. There-
fore, when the content of Bi2O3 is high enough, it may play a role as a glass former.
© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
The literature [2] studied the formation area of B2O3-Tl2O-Bi2O3, B2O3-PbO-Bi2O3, B2O3-CdO-
Bi2O3 system glass. Glass was melted in a metal crucible, melting amount 2–4 g. This kind of
glass is melted in kerosene furnace at 800–900C for 10–30 min. The resulting glass B2O3
content is not high. This proves that the other components act as glass-forming bodies, includ-
ing Bi2O3, PbO, CdO, and Tl2O. Figure 1 shows the glass structure of Bi2O3-B2O3 system at
Bi2O3 60 mol%. When the concentration of Bi2O3 is 75 mol%, the structure is shown in Figure 2.
It is noteworthy that a more complex structure appears when adding lead oxide to bismuth
borate glass, as shown in Figure 3. This is because the bismuth ions undergo a severe polari-
zation and deform under the action of an external electric field, thus promoting the formation
of asymmetric radicals.
Figure 4 shows the phase diagram of the Bi2O3-SiO2 system [3–5]. By analyzing it, we could
found that the Bi2O3-SiO2 system has the properties of forming glass at the molar ratio Bi2O3:
SiO2 = 1:1. According to the report by Fei et al. [6, 7], the Bi2O3-SiO2 system glass can be
prepared by the conventional glass preparation process at a molar ratio of Bi2O3:SiO2 = 1:1.
Similar to PbO, Bi2O3 in the glass structure can significantly reduce the viscosity, increase the
density, and can also act as a flux. Bi is a heavy metal element but its field strength is very
Figure 1. Glass structure of Bi2O3-B2O3 system at Bi2O3 60 mol%.
Figure 2. Glass structure of Bi2O3-B2O3 system at Bi2O3 75 mol%.
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small, the bond strength of the Bi-O bond is much stronger than that of the Si-O bond.
Therefore, Bi cannot form glass alone but the Bi2O3-SiO2 system glass may have a broad
glass-forming region. That is to say the amount of Bi2O3 added in this system can be large.
Figure 3. Glass structure of B2O3-PbO-Bi2O3 system.
Figure 4. Equilibrium phase diagrams of the Bi2O3-SiO2 system.
Crystallization Kinetics of Bi2O3-SiO2 Binary System
http://dx.doi.org/10.5772/intechopen.74177
63
When the mole fraction of Bi2O3 is greater than 50%, it is necessary to partially form the glass
after water quenching.
Figure 5 shows the XRD patterns of Bi2O3-SiO2 base glasses with a molar ratio of 1:1. The
preparation process was as follows: Bi2O3 and SiO2 with a molar ratio of 1:1 were ground for
3 h with absolute ethanol as grinding medium and dried for 1 h. Then, the batch was poured
into 200 ml corundum crucible, placed in the box-type electric furnace for melting at 1100C.
Since Bi2O3 is volatile, the corundum crucible was capped.
After casting, annealing was carried out at 400C for 1 h. The annealed glass samples were
reddish brown. A part of the samples were ground down to 200 mesh powder.
XRD analysis was carried out. The test conditions were CoK
α
radiation, tube voltage 40 kVand
current 4 mA, step 0.02, scanning speed 6/min, scanning range 10–80. Figure 5 shows the
typical steamed bun peak. Due to the strong glass forming ability of SiO2, the Bi2O3-SiO2
system glass is easy to be obtained when the molar ratio of Bi2O3/SiO2 is less than 1.
1.2. Separation of Bi2O3-SiO2 binary system glass
Phase separation, that is, liquid–liquid immiscibility, is a common phenomenon in glass-
forming systems [1, 2, 8, 9].
It has been proven that the size of the cationic potential of the network has a decisive effect on
phase separation of the oxide glass: when the cation potential Z/r > 1.4 (ion potential refers to
the ionic charge number Z and ionic radius r ratio), the system produces liquid–liquid immis-
cible region above the liquidus temperature. When the value of Z/r is between 1.0 and 1.4, the
liquidus is S-type, and there is a metastable immiscible region below the liquidus; when the
value of Z/r < 1.0, the phase separation will not happen [2, 8, 9].
Figure 5. XRD patterns of the Bi2O3-SiO2 system glass.
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The cation potential of Bi is Z/r = 3/1.03 > 1.4, which makes it clear that the liquid–liquid
immiscible region is generated in the Bi2O3-SiO2 system above the liquidus temperature. Bi is
in the seventh main group, and it can expand the phase separation area. Therefore, it is argued
that phase separation occurs during the melting of the Bi2O3-SiO2 system glass, resulting in a
silicon-rich phase and a bismuth-rich phase. The phase separation in the glass leads to the
appearance of new phases, providing favorable nucleation sites and phase separation results
in a larger atomic mobility of one of the two liquid phases, which facilitates uniform nucle-
ation. It can be seen that the separation in the Bi2O3-SiO2 system favors the precipitation of
crystals in the system.
1.3. Non-isothermal crystallization of Bi2O3-SiO2 (Bi2O3:SiO2 = 1:1) system glass
Figure 6 shows the DSC curves of Bi2O3-SiO2 system glass at different heating rates. There are
three distinct crystallization exothermic peaks. At the same time, the temperature of the
crystallization peak tends to be stable at heating rate of 10C/min. In this chapter, a 10 K/min
heating rate curve was chosen to determine the heat treatment system of Bi2O3-SiO2 system
glass.
From the curves with the heating rate of 10C/min in Figure 6, the three obvious crystallization
exothermic peaks were at 564, 659, and 793C. The heat treatment of the Bi2O3-SiO2 system
glass is shown in Table 1. Among them, p0 is the basic glass control group, and p1, p2, and p3
correspond to three crystallization peaks from low to high, respectively. Based on the basic
glass processing conditions, better crystals can be formed and the type of precipitated crystals
can be determined by XRD phase analysis.
The XRD analysis was performed on the samples maintained at different temperatures
according to the above heat treatment system. The results are shown in Figure 7. Through the
Figure 6. DSC curves of different heating rates of the Bi2O3-SiO2 system (Bi2O3:SiO2 = 1:1).
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comparison with the standard PDF card, it can be seen that the main crystal phase of the p1
sample corresponding to the first crystallization peak on the DSC curve is Bi12SiO20, and the
minor phase is SiO2; the main crystal phase of the p2 sample corresponding to the second
crystallization peak is Bi2SiO5, the secondary crystal phase is Bi12SiO20; the main crystal phase
of the p3 sample corresponding to the third crystallization peak is Bi4Si3O12. The results show
that the base glass is amorphous, and a diffuse diffraction peak appears in the spectrum. The
peak position corresponds to the characteristic peaks of the other three main crystal phases,
indicating that there is a short-range ordered structure in the glass, which is considered to be
the basis for the separation of the glass [2, 8].
Zhereb et al. divided the liquid state range of the equilibrium diagram of the Bi2O3-SiO2
system into three temperature zones: low-temperature region A, medium-temperature zone
B, and high-temperature zone C [3, 5, 10, 11]. Zhereb et al. [5, 12–14] argue that the main
crystal phase precipitated in the low-temperature zone A is Bi12SiO20, the main crystal phase
precipitated in the medium-temperature zone B is Bi2SiO5, and the main crystal phase precip-
itated in the low temperature zone C is Bi4Si3O12. The abovementioned experimental results
are consistent with the conclusions given by Zhereb et al.
Heat treatment system Sample no
P0 p1 p2 p3
Nucleation temperature/C — 530 630 659
Nucleation time/h 0 1 1 1
Crystal growth temperature/C — 564 659 793
Crystal growth time/h 0 3 3 3
Table 1. Heat treatment of the Bi2O3-SiO2 system.
Figure 7. XRD patterns of the samples for different holding time.
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1.4. Estimation of thermodynamic properties of Bi2O3-SiO2 melt
At present, no report has been found which focuses on the thermodynamic properties of Bi2SiO5
and Bi12SiO20. Therefore, it is necessary to estimate the required unknown data for the analysis.
1. cp:
The heat capacity of the solid compound can be approximated as the weighted sum of the solid
atomic heat capacity.
c ¼
X
nici (1)
where ni is the number of i atoms in the compound molecule; and ci is the atomic heat
capacity of the i atom. The atomic heat capacities of Bi, Si and O are shown in Table 2.
According to Eq. (1) and Table 2, we can calculate that:
cp Bi2SiO5ð Þ ¼ 2 cp Bið Þ þ cp Sið Þ þ 5 cp Oð Þ
¼ 2 3:6þ 6:4þ 5 4:0ð Þ cal g1 K1
¼ 33:6 cal g1 K1 ¼ 140:64 J g1 K1
cp Bi12SiO20ð Þ ¼ 12 cp Bið Þ þ cp Sið Þ þ 20 cp Oð Þ
¼ 12 3:6þ 6:4þ 20 4:0ð Þ cal g1 K1
¼ 129:6 cal g1 K1 ¼ 542:5 J g1 K1
From the abovementioned calculation, we know that the cp of solid Bi2SiO5 is 33.6 cal g
1 K1
(140.64 J g1 K1).
Generally, the specific heat of the liquid material is 0.4–0.5 cal g1 K1, and the material with
high specific heat can be taken as large. For example, the specific heat of water can be
approximately 1 cal g1 K1. Therefore, the liquid Bi2SiO5 and Bi12SiO20 c are taken as 1 cal g K,
that is, 4.186 J g1 K1.
2. ΔHfus
Beijing Institute of Nonferrous Metals Research and Beijing University of Science and Technol-
ogy Department of Physics and Chemistry jointly proposed to use binary phase diagram
calculation system to get the thermodynamic properties [15, 16]. Biostatic equilibrium phase
diagram of Bi2O3-SiO2 system can be seen in Figure 4. It can be seen that the metastable phase
Atom Bi Si O
ci 3.6 6.4 4.0
Table 2. Atomic heat capacity (calg1K1).
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diagram is more complex, including a peritectic reaction and a eutectic reaction. The reaction
of precipitating crystals from the liquidus is:
A Lð Þ þ B Lð Þ ¼ C Sð Þ (2)
The coefficients of A and B are denoted as p and q. At the beginning of the reaction, the liquid
phase composition can be expressed as ζA þ ζB, at this time ζC = 0. At the end of the reaction,
ζ
’
A = ζA-pζC, ζ
’
B = 0, ζ
’
C = ζC. xA = ζA/(ζA þ ζB), xB ¼ ζB /(ζA þ ζB); x
’
A = (ζA-p ζC)/[ζA-(p-1) ζC].
Then, we can get, xc = ζB /[q ζA-(p-1) ζB], So xc/xB = 1/[q-(p + q-1) xB].
Then, through further calculations, the following equation can be obtained:
dxc
dT
¼
pþ qð Þ2
q
dx
dT
∆Hfus ¼
RT2f
p= pþ qð Þ2
dT
dxLB
(3)
where R is the gas constant.
The following equation can be obtained by calculated from Eq. (3):
∆Hfus Bi2SiO5ð Þ ¼
1
4
8:314 8452
 

1:5ð Þ
526
¼ 69:716 kJ g1
∆Hfus Bi12SiO20ð Þ ¼
6
49
8:314 9002
 

1:402ð Þ
2856
¼ 26:995 kJ g1
So, ∆Hfus (Bi2SiO5) = 69.716 kJ g
1, ∆Hfus (Bi12SiO20) = 26.995 kJ g
1.
1.5. Crystallization thermodynamics of Bi2SiO5 and Bi12SiO20 in Bi2O3-SiO2 system
The thermodynamic theory shows that under isothermal pressure:
ΔG ¼ ΔH  TΔS (4)
when ΔG = 0, ΔH-TΔS = 0,
ΔS ¼ ΔH=T0 (5)
where T0 is the equilibrium temperature of the phase change.
If there is a phase change under unbalanced condition of any temperature T,
ΔH  TΔS 6¼ 0 (6)
If ΔH and ΔS do not change with temperature, the following equation can be obtained by
taking Eq. (5) into Eq. (6):
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ΔG ¼ ΔH  T
ΔH
T0
¼ ΔH
T0  T
T0
¼ ΔH
ΔT
T0
: (7)
From Eq. (7), it can be seen that only when ΔG < 0 (ΔHΔT/T < 0), the phase change will
occur spontaneously. When the phase change is a crystallization exothermic process, ΔH < 0
(ΔT > 0), T0-T < 0. This indicates that the system must be subcooled during the crystallization
process.
In this chapter, the enthalpy and entropy change of the crystallization process are calculated at
the equilibrium temperature of the system. The enthalpy change and entropy change of the
crystallization process are calculated by the irreversible process [17]. Where T is the actual
phase transition temperature, T is the equilibrium temperature of the phase change
According to this process,
ΔS ¼ ΔS lð Þ þ ΔS sð Þ þ ΔS T0ð Þ (8)
ΔH ¼ ΔH lð Þ þ ΔH sð Þ þ ΔH T0ð Þ (9)
ΔS lð Þ ¼
ðT0
T
Cp lð Þ
T
dT (10)
ΔS sð Þ ¼
ðT
T0
Cp Sð Þ
T
dT (11)
ΔS T0ð Þ ¼
ΔfusH T0ð Þ
T0
(12)
ΔH lð Þ ¼
ðT0
T
cp lð ÞdT (13)
ΔH sð Þ ¼
ðT
T0
cp sð ÞdT (14)
ΔH T0ð Þ ¼ ΔfusH T0ð Þ (15)
T0 for Bi2SiO5 is obtained from the phase diagram at 845
C, 1118.15 K. Substituting the To, cp,
ΔHfus of Bi2SiO5 into Eqs. (8)–(15) are calculated as follows:
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ΔS Bi2SiO5ð Þ ¼ ΔS lð Þ þ ΔS sð Þ þ ΔS T0ð Þ ¼
ðT0
T
cp lð Þ
T
dT þ
ðT
T0
cp sð Þ
T
dT 
ΔfusH T0ð Þ
T0
(16)
ΔS Bi2SiO5ð Þ ¼ 140:64 4:186ð Þ  lnT  ln1118:15ð Þ 
69:716 103
1118:15
ΔS Bi2SiO5ð Þ ¼ 136:454lnT  1020:18
ΔH Bi2SiO5ð Þ ¼ ΔH lð Þ þ ΔH sð Þ þ ΔH T0ð Þ
¼
Ð T0
T cp lð ÞdT þ
Ð T
T0
cp sð ÞdT  ΔfusH T0ð Þ
(17)
ΔH Bi2SiO5ð Þ ¼ 140:64 4:186ð Þ  T  1118:15ð Þ  69:716 10
3
ΔH Bi2SiO5ð Þ ¼ 136:454 T  222292:04
The above calculated ΔS and ΔH are taken into Eq. (7), ΔT = 145 K, ΔG = 7.478 kJ < 0. This
indicates that the process of precipitating Bi2SiO5 from the base glass can be carried out
spontaneously when the temperature T = To-ΔT = 973.15 K.
The same method is used to calculate Bi12SiO20, and T for Bi12SiO20 was obtained from the
phase diagram at 900C, that is, 1173.15 K:
ΔS Bi12SiO20Bi12SiO20ð Þ ¼ ΔS lð Þ þ ΔS sð Þ þ ΔS T0ð Þ
¼
ðT0
T
cp lð Þ
T
dT þ
ðT
T0
cp sð Þ
T
dT 
ΔfusH T0ð Þ
T0
(18)
ΔS Bi12SiO20ð Þ ¼ 542:50 4:186ð Þ  lnT  ln1173:15ð Þ 
26:995 103
1173:15
ΔS Bi12SiO20ð Þ
¼ 538:314lnT  3804:506 ΔH Bi12SiO20ð Þ ¼ ΔH lð Þ þ ΔH sð Þ þ ΔH T0ð Þ
¼
ðT0
T
cp lð ÞdT þ
ðT
T0
cp sð ÞdT  ΔfusH T0ð Þ
(19)
ΔH Bi12SiO20ð Þ ¼ 538:314 4:186ð Þ  T  1173:15ð Þ  26:995 10
3
ΔH Bi12SiO20ð Þ ¼ 1538:314 T  658518:069
The above calculated ΔS and ΔH are taken into Eq. (7), ΔT = 300 K, ΔG = 29.579 kJ < 0. This
indicates that the process of precipitating Bi12SiO20 from the base glass can be carried out
spontaneously when the temperature T = To-ΔT = 873.15 K.
It should be noted that, in the abovementioned analysis, c and ΔH values are all estimated. T0
is obtained from the phase diagram, but the phase diagram of the system has not been fully
analyzed, The liquidus in the figure cannot be completely determined, so T0 and the actual
value may also have some error. The calculated value in this chapter can only be used to
qualitatively determine how spontaneous the crystallization process is at a certain tempera-
ture, not for the precise calculation of crystallization temperature.
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1.6. Bi2O3-SiO2 (Bi2O3:SiO2 = 1:1) system glass non-isothermal crystallization kinetics
1.6.1. Crystallization kinetics
Crystallization activation energy E and crystal growth index n are two important parameters
to research the crystallization kinetics of glass. The process where glass gradually transforms
into the crystal state needs a certain activation energy to overcome the structural
rearrangement barrier. The higher is the potential barrier, the greater is the activation energy.
Therefore, to a certain extent, the crystallization activation energy reflects the degree of crys-
tallization ability. The crystal growth index n can reflect the nucleation and growth mechanism
during the crystallization process.
1.6.2. Crystallization activation energy
In non-isothermal transition, the exothermic peak temperature Tp of the glass on the DSC
curve is affected by the heating rate β. When the heating rate is slow, the transition time is
sufficient and the process can be carried out at lower temperature, so Tp is lower, and the
instantaneous transition rate is small, and the crystallization peak is gentle; when the heating
rate is faster, the exothermic peak temperature Tp is correspondingly increased, the instanta-
neous transition rate is large, and the crystallization peak is sharper [18]. In this chapter, the
DSC curves of the samples at the heating rates 5, 10, 15, and 20C/min were measured. The
Kissinger and Ozawa methods were used to calculate the crystallization activation.
(1) Kissinger method to calculate the crystallization activation energy
The kinetics of glass crystallization by DSC method is based on the Johnson-Mehl-Avrami
(JMA) equation. Assuming that the reaction mechanism function is f(x) = (1-x)n, the
corresponding equation is:
dx
dt
¼ K 1 xð Þn (20)
where n is the reaction order, that is, the crystal growth index, x the phase transition fraction,
and K the crystallization rate constant.
The reaction rate constant K follows the Arrhenius relation [19]:
K ¼ K
E=RT
0 (21)
where K0 is the effective frequency factor, E the crystallization activation energy, R the gas
constant, and T the absolute temperature.
By the JMA equation, the glass non-isothermal crystallization kinetics can be expressed by the
Kissinger Equation [18–20]:
ln
T2p
β
" #
¼
E
RTp
þ ln
E
R
 
 lnK0 (22)
where Tp is the crystallization temperature of the DSC curve and β is the heating rate.
Crystallization Kinetics of Bi2O3-SiO2 Binary System
http://dx.doi.org/10.5772/intechopen.74177
71
The DSC curves of the Bi2O3-SiO2 system glass at different heating rates are shown in Table 3.
According to the Kissinger equation, ln(Tp β) and 1/Tp is plotted and linearly fitted to obtain
the slope E/R. Figure 8 shows the ln(Tp/β)-1/T relationship for the Bi2O3-SiO2 system glass.
From Figure 8, the activation energies of the three crystals precipitated in the Bi2O3-SiO2
system glass are: Ep1 = 150.6 kJ/mol, Ep2 = 474.9 kJ/mol, and Ep3 = 340.3 kJ/mol.
(2) Ozawa method to calculate the crystallization activation energy
The Ozawa equation for non-isothermal crystallization of glass can be expressed as:
lnβ ¼
E
RTp
þ C (23)
where E is the crystallization activation energy, Tp the DSC curve crystallization exothermic
peak temperature, and C is a constant related to the reaction mechanism function.
A graph of lnβ versus 1/Tp is made (Figure 9), and a straight line with slope of E/R can be
obtained. Then we can calculate the crystal activation energy E.
Heating rate (C/min) 5 10 15 20
Crystalline peak temperature (C) 547.2 564.0 586.8 593.4
653.7 659.0 669.3 672.3
785.2 793.0 812.3 818.1
Table 3. The DSC crystallization peak temperature of Bi2O3-SiO2 system at different heating rates.
Figure 8. ln(Tp
2/β)-1/Tp diagram of Bi2O3-SiO2 glass-ceramics.
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From Figure 9, the activation energies of the three crystals precipitated in the glass of Bi2O3-
SiO2 system are: Ep1 = 76.0 kJ/mol, Ep2 = 254.5 kJ/mol, and Ep3 = 186.8 kJ/mol.
Although the Kissinger method and the Ozawa method generate different activation energy
values, the trend is the same. It can be seen that the crystallization ability of Bi12SiO20
corresponding to the first crystallization peak (in the low temperature region A) is the stron-
gest, the crystallization ability of the second crystal-forming peak (in the middle-temperature
region B) is the weakest, and the crystallization ability of the third crystal-forming peak (in the
high-temperature region C) is between the first two peaks.
1.6.3. Crystal growth index
Under the condition that the crystallization activation energy has been determined by the Kissin-
ger method, the crystal growth index n can be obtained by the Augis-Bennett Equation [21, 22]:
n ¼
2:5
ΔT

RTp
E
(24)
where ΔT is the temperature at which the DSC is exothermic at half maximum.
According to the theory of solid phase transition, when n = 4, the way of crystal growth is
volumetric nucleation and growth is in three-dimensional space; when n = 3, the way of crystal
growth is volumetric nucleation and growth is in two-dimensional space; when n = 2, the way
of crystal growth is volumetric nucleation and growth is in one-dimensional direction; when
n = 1, the way of crystal growth is surface nucleation, crystals grow in one-dimensional
direction on the surface [21, 22].
Table 4 shows the crystal growth indices of the three crystals precipitated in the glass of Bi2O3-
SiO2 system at different heating rates. The average growth indices of the three crystals precip-
itated by the Bi2O3-SiO2 system were np1 = 2.5, np2 = 2.1, np3 = 2.2.
Figure 9. lnβ-1/Tp diagram of Bi2O3-SiO2 glass-ceramics.
Crystallization Kinetics of Bi2O3-SiO2 Binary System
http://dx.doi.org/10.5772/intechopen.74177
73
The crystal growth index n can be expressed as
n ¼ aþ bc (25)
where a corresponds to the nucleation rate, and when a = 0, the nucleation rate is zero; when
a > 1, the nucleation rate increases; when a < 0, the nucleation rate decreases. b reflects the
crystallization mechanism, b = 0.5, indicating that the crystallization by the diffusion mecha-
nism control; b = 1, the crystallization by the interface control. C represents the grain growth
dimension and c = 1, 2, and 3 represent one-dimensional, two-dimensional and three-
dimensional growth, respectively.
As we can see, C = 1, b = 0.5, a > 1; therefore, the value of a is the smallest when the
crystallization temperature is in the middle temperature region B, and the value of n is shown
in Table 4. When the crystallization temperature is in the low-temperature zone A, the value of
a is the largest. This is consistent with the crystallization ability of the three crystal phases. In
the process of melting of Bi2O3-SiO2 system glass, the phase separation occurs, which leads to
the emergence of new phase boundary, which in turn provides favorable nucleation sites for
nucleation. Therefore, the crystallization process is mainly controlled by diffusion.
The abovementioned analysis shows that the way of Bi2O3-SiO2 glass system crystallization is
volumetric nucleation and growth is in one-dimensional space. The crystallization process is
mainly affected by diffusion, and the nucleation rate is the highest when the crystallization
temperature is in the low-temperature zone A and the lowest when the crystallization temper-
ature is in the medium-temperature zone B.
2. Summary
1. Bi2O3-SiO2 system glass and metastable crystal Bi2SiO5 were prepared by high-
temperature melt cooling method. During the heat treatment, three main crystal phases
were produced in this order: Bi12SiO20, Bi2SiO5, and Bi4Si3O12. There are three distinct
crystallization exotherms in the DSC curve.
2. The crystallization kinetics of Bi12SiO20 and Bi2SiO5 were calculated and analyzed. The
results show that the crystallization process can be carried out spontaneously at 873 and
973 K, respectively.
Sample No Heating rate/(Kmin1) Average crystal growth index
5 10 15 20
p1 3.1 2.9 2.1 1.9 2.5
p2 3.0 2.2 1.6 1.5 2.1
p3 2.4 2.1 2.2 2.2 2.2
Table 4. Crystallization index of BS glass-ceramics under different heating rates.
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3. The Kissinger equation was used to calculate the crystallization activation energy of the
base glass and the results are Ep1 = 150.6 kJ/mol, Ep2 = 474.9 kJ/mol, and Ep3 = 340.3 kJ/mol.
The Ozawa equation was used to calculate the crystallization activation energy of the base
glass and the results are Ep1 = 76.0 kJ/mol, Ep2 = 254.5 kJ/mol, and Ep3 = 186.8 kJ/mol. The
calculation results of the two methods show that the crystal phase Bi12SiO20 in the low-
temperature zone A has the strongest crystallization ability and the crystal phase Bi2SiO5
in the medium-temperature zone B has the weakest crystallization ability. The average
crystallization index of three kinds of crystals was calculated by Augis-Bennett equation
and the results are np1 = 2.5, np2 = 2.1, and np3 = 2.2, respectively. The crystallization
process is mainly affected by diffusion.
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